Catalase with the commercial catalase name Terminox Ultra is widely used in the textile industry in bleaching processes. This enzyme is used to catalyse the decomposition of residual hydrogen peroxide into oxygen and water. In this study catalase was kept for about 30 hours in water baths in a temperature range from 35 to 70°C. For the fi rst time, the kinetics of thermal deactivation of this enzyme was examined using an oxygen electrode. Stability of the enzyme depends strongly on temperature and its half-life times are 0.0014 h and 7.6 h, at 35 and 70 o C, respectively.
INTRODUCTION
The consumption of hydrogen peroxide in commercial processes and waste treatment has been growing fast recently. In the textile industry, hydrogen peroxide is used for bleaching a majority of natural and artifi cial fi bers 1, 2 . Hydrogen peroxide is applied in the pulp and paper industry, and for delignifi cation and bleaching of cellulose pulp. It is also applied in food processing and in the pharmaceutical industry as a bactericidal disinfectant. Hydrogen peroxide is also used as a raw material for obtaining a range of organic and inorganic peroxides, which can be utilized as disinfectants and as an initiator for polymerization reactions, etc. In a majority of cases, it is necessary to eliminate any residual hydrogen peroxide. Conventional chemical methods have many drawbacks. Traditionally, they make use, for instance, of metals oxides, active carbon, and by increased temperatures they can lead to the formation of undesirable side products. The use of catalase for decomposition of hydrogen peroxide into oxygen and water may be an alternative. Catalase is used, for instance, in the textile industry 3 , in food processing 4, 5 and in the manufacturing of semi--conductors. Moreover, the enzyme is indispensable in carrying out biotransformation processes with the use of oxidases to cause decomposition of hydrogen peroxide being formed in the reaction 6 . For the fi rst time, catalase has been isolated in its crystalline form from beef liver
7
. Since then, it has been the object of numerous investigations 8- 10 . Microbial catalase (for example catalase isolates from fungus Scytalidium thermophilum), is applied for commercial purposes because of its higher stability in conditions of extreme pH, temperature and H 2 O 2 content. Like bovine catalase, it is tetrametrical, consisting of four sub-units, with four atoms Fe III . However, catalase Scytalidium thermophilum differs from bovine catalase by considerably larger molecules, compared with beef catalases, and the molecular mass of their sub-units amounts to 80-97 kDa.
In the textile industry, catalase with the commercial name Terminox Ultra is used for decomposition of hydrogen peroxide.
(1) The catalytic reaction takes place in two steps. The fi rst hydrogen peroxide molecule oxidizes the heme to form an oxyferryl species in which one oxidation equivalent is removed from the iron and one from the porphyrin ring to generate a porphyrin cation radical (reaction 2). The second hydrogen peroxide is then used as a reactant of compound Ito regenerate the resting state enzyme, water, and oxygen (reaction (3) 11 .
(2) (3) A catalase with the commercial name Terminox Ultra is produced from the fungus Scytalidium thermophilum 12 . This kind of catalase is a concentrated product in the form of a brown liquid meant to be diluted. The application of the enzyme in the textile industry has the following advantages: it reduces the waste of energy by about 48%, it reduces the costs of chemical agents with about 83%, it lowers the waste of water by about 50%, and it reduces the process time by about 33% in comparison with the decomposition process of H 2 O 2 without the use of catalase 2 . During the decomposition of hydrogen peroxide by catalase, usually deactivation of the enzyme by the substrate is dominant 3, 5, 13, 14 . Nevertheless, at low concentrations of hydrogen peroxide and at temperatures above 35°C, the thermal deactivation could also be important.
The kinetics of thermal deactivation for the catalase with the commercial name Terminox Ultra, according to our best knowledge; has not been the object of systematic research so far. The objective of the present work is to study the infl uence of temperature on the enzyme's deactivation.
EXPERIMENTAL

Material
Catalase (E.C. 1.11.1.6) Terminox Ultra 50L (activity 50 000 U/ml) from Novozymes, Denmark. Perhydrol (30% hydrogen peroxide from POCH, Gliwice). All other chemicals used were of analytical purity.
Thermal deactivation
For the present study, hydrogen peroxide has been prepared at an initial concentration of 0.01 M and a solution of the enzyme in the proportion 1:1000 (enzyme : phosphate buffer). The experiments were carried out keeping the enzyme for 30 h in a water bath at a temperature in the range 35-70 o C. The activity of catalase was examined using an oxygen electrode method 15, 16 . The catalase activity was assayed in the temperature range from 35 to 50 o C after incubation times between 0 and 30 h. Thermal deactivation occurred rapidly at higher temperatures. For this reason, for an incubation temperature of 55-60 o C catalase activity was tested after a time in the range from 0 to 25 h, and for an incubation temperature in the range from 65 to 70 o C catalase activity was tested after a time between 0 and 6 h.
Method to measure the activity of catalase
The catalase activity was determined by measuring the rate of oxygen production in a 150 ml Erlenmeyer fl ask fi tted with a dissolved oxygen sensor for the quantifi cation of dissolved oxygen. The Erlenmeyer fl ask was placed in a thermostated water jacket and its contents was stirred by means of a magnetic stirrer.
After introducing 100 ml of 0.01M hydrogen peroxide solution in 0.02 M phosphate buffer (pH 7) and obtaining a temperature of 20 o C in the H 2 O 2 solution, desorption of oxygen by means of N 2 was performed.
Measurements of catalase activity were initiated by injecting a 0.1 ml catalase solution into the reaction vessel and data were collected within 150 sec.
Based on the results of measurements, the concentration of oxygen in the reaction solution was determined in μM. By means of a graphic presentation of the concentration of O 2 being generated in time, the rate of formation of O 2 was found in μM/s from a tg of the angle of inclination of the straight line. The activity of catalase was found in accordance with the above procedure for the consecutive samples collected after some time of residence at a suitable temperature in the range from 35 to 70°C. The one unit of activity of catalase was defi ned as the quantity of μM of O 2 being generated per second, in relation to the time of residence at a specifi c temperature. The catalase activity was normalized in relation to the initial activity for the purpose of comparison of the changes in activity for a whole range of temperatures from 35 to 70°C.
Considering the wide range of temperatures in which thermal deactivation was studied, the time of measurement was a max. of 150 s. It was observed that the infl uence of oxygenation as a result of diffusion of oxygen from the air was negligible.
Kinetic model
The thermal deactivation process of enzymes could follow a single-step mechanism or a more complicated multi-step mechanism. The kinetics of thermal deactivation of catalase 16-19 can be described as a fi rst order kinetics equation: (4) where a = C E /C E0 is the dimensionless activity of catalase, which has an initial value a = 1 for t = 0. Integration of Equation (4) gives a = exp(-k D t)
that expresses changes in the enzyme's activity as a function of time.
The thermal deactivation constant k D depends on temperature, and the Arrhenius equation was applied to describe the relationship:
An important practical problem is to determine the constants in Equation (6). The calculation of k D and E D using the logarithmic form arouses much controversy 20-23 with regard to the strong correlation between the parameters k D and E D . To decrease the correlation among the parameters in Equation (6), the reference temperature T ref 22 is introduced and Equation (6) takes the following form:
Taking into account Equation (7), the change of activity of the enzyme can be described by the following expression: . It is a standard technique used for solving nonlinear equations by the least squares method and is the most popular alternative to the Gauss-Newton method for fi nding the minimum of a function that is a sum of the squares: (9) where: (a exp ) i -enzyme activity, as determined experimentally, -enzyme activity, as calculated from Equation (8).
Most often nonlinear regression is applied, giving equal weights to all points (Equation 9). If experimental scatter is expected to vary along the curve, then the points should be weighted differentially. The most often used weighting method is called "weighting by 1/y 2 " and, in this case, is described as follows: (10) Equation (10) allows to fi nd a solution to the objective function with a given set of parameters. The global minimum of the objective function was determined from many local minima in the parameter estimation process.
A regular distribution of residuals without any patterns is observed, indicating the adequacy of the estimated parameters.
The residual analysis results presented in Figure 3 were in the range of ±0.07 but the value of average absolute residuals was equal to 2.32 · 10 −4 . The accomplished statistical analyses at specifi c temperatures in the range from 35 to 70 o C for catalase confi rm that the assumption of a fi rst-order kinetics is well-founded.
Enzyme stability is often expressed as half-life time (t 1/2 ) at defi ned temperatures. The half-life t 1/2 for the decrease of activity of the catalase Terminox Ultra is described by the following relationship: (10) Properties such as the thermal deactivation constants (k d ) and the half-life times (t 1/2 ) were determined and are presented in Table 2 .
The value of half-life time at a temperature of 35°C is approximately 280 times as high as those at 70°C.
RESULTS AND DISCUSSION
The obtained values of the parameters in Equation (8) are calculated using nonlinear regression with SigmaPlot 11.0 and represented in Table 1 . The Pearson correlation coeffi cient r for the obtained parameters was 0.9994 and the determination coeffi cient (correlation coeffi cient squared, r 2 ) was 0.9988, however, the standard error of estimation was equal to 0.0291.
Having at one's disposal the constants of thermal deactivation for catalase k D,Tref and of E D at a reference temperature calculated with the transformed Arrhenius equation, it is possible to calculate the value of the pre-exponential thermal deactivation rate constant for catalase: 1.1562 · 10 21 h -1 . Figure 1 shows the experimental data of the change of activity of catalase for temperatures in the range from 35 to 70 o C, enabling them to be compared with the values of the change of activity of catalase calculated using the data from Table 1 .
The fi rst-order model is able to adequately fi t all the kinetic data at all temperatures. At 70°C, the catalase is rapidly deactivated to about 5% of its initial activity within an incubation time of 8 h, while almost all of the initial activity of the enzyme remains for catalase in the identical incubation time at 35°C. Catalase showed a decrease in activity of about 4% when it was kept at 35°C for 30 h.
The activity of catalase at specifi c times and temperatures was calculated using Equations (8) with the estimated parameters from Table 1 . Figure 2 shows the comparison between the experimental and the calculated data for activity. Figure 3 shows the residual analysis results for temperatures in the range from 35 to 70°C. Figure 4 shows the comparison of half-life time t 1/2 for catalase as reported in the literature and as calculated from Equation (10). From Figure 4 it appears, that the values of half-life time of a decrease in activity, calculated for the catalase Terminox Ultra, are in the range of values for t 1/2 determined by other researchers. The results are different when enzymes of various origins are used. Although catalases, which are produced by most aerobic microorganisms, are very well studied enzymes, there are few reports on the half-life time t 1/2 for thermostable catalase 29, 30 . Figure 4 also shows half-life time t 1/2 for catalases from the thermostable bacterium: Bacillus sp.
29 which is isolated from a textile wastewater drain and Proteus mirabilis 30 . At a pH of 7.0 and at temperatures 37, 50, 60 and 70°C, half-life time t 1/2 for catalase from Proteus mirabilis 30 showed values which were approximately eight times as low as that for the enzyme with commercial name Terminox Ultra.
There are more reports in the literature about the bovine liver catalase, which has the longest history. Jürgen--Lohmann and Legge 19 proposed that constant thermal deactivation rates could be established at temperatures in the range from 40 to 65°C. A comparison between the half-life time values for bovine catalase 19 and those for the catalase studied in this work is shown in Table 3 .
From Table 3 , it is obvious that the half-life time values for the catalase used in this work are 40 to 340 times as high as those for bovine catalase. The values of activation energy for the thermal deactivation reaction for catalase
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